Abnormal traction and excursion of the papillary muscle (PM) can be observed in patients with mitral valve prolapse (MVP) and can adversely affect the electrophysiologic stability of the underlying myocardium. Cardiovascular magnetic resonance (CMR) techniques can directly measure the excursion and velocity of PM tips during ventricular systole. In addition, high-resolution late gadolinium enhancement (LGE) CMR imaging allows for visualization of the underlying potentially arrhythmogenic PM fibrosis substrate. We prospectively studied 16 patients with MVP and 9 healthy adult subjects using phase-contrast CMR and cine CMR to assess the PM velocity and excursion.
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LGE CMR was performed in 13 patients with MVP (81%). The peak PM systolic velocity and maximum PM excursion were significantly increased in those with MVP (12 ؎ 5 vs 5 ؎ 2 cm/s and 15 ؎ 5 vs 2 ؎ 3 mm, both p <0.001). Definite PM LGE was found in 6 patients (46%) but the finding did not correlate with PM velocity or excursion. In conclusion, functional CMR imaging demonstrated increased peak PM systolic velocity and excursion distance in patients with MVP. These parameters, however, did not relate to underlying PM fibrosis. © 2010 Elsevier Inc. All rights reserved. (Am J Cardiol 2010;106:243-248)
Phase-contrast velocity imaging is a cardiovascular magnetic resonance (CMR) technique commonly used to measure blood flow within the cardiovascular system. 1 In addition to blood flow, phase-contrast CMR imaging has been used to measure myocardial motion throughout the cardiac cycle, with high temporal and spatial resolution. [2] [3] [4] [5] [6] Unlike tissue Doppler imaging in echocardiography, no angle dependence is present with phase-contrast CMR methods. We sought to use 3-directional, 2-dimensional phase-contrast CMR imaging, in addition to cine CMR imaging, to assess the motion of the papillary muscle (PM) in otherwise healthy subjects with mitral valve prolapse (MVP) and in a group of healthy controls. In addition, we sought to examine the relation of PM motion and PM fibrosis.
Methods
A total of 19 adult patients with MVP and no history of coronary artery disease and 12 healthy (no history of hypertension, diabetes, or coronary artery disease and not taking any cardiac medications), age-and gender-matched subjects were studied. Of the 31 subjects, 3 from each group were excluded from the analysis because of poor CMR image quality (either the PM was not adequately visible or severe motion artifacts were present). Our final cohort consisted of 16 subjects with MVP (age 50 Ϯ 14 years, 10 men) and 9 healthy controls (age 47 Ϯ 13 years, 6 men). Of the 16 subjects with MVP, 13 (81%) underwent late gadolinium enhancement (LGE) CMR imaging (1 patient refused contrast injection and 2 were not injected because of a minimally elevated creatinine level). Four healthy control subjects returned 6 months later for a second study to evaluate the test-retest variability using the same imaging protocol. Our institutional review board approved the study, and all subjects provided written consent.
CMR imaging was performed on a 1.5 T Philips Achieva magnetic resonance scanner (Philips Health Care, Best, The Netherlands), using either a 5-channel phased-array coil or a 32-channel cardiac array coil (Invivo, Gainesville, Florida), for which an electronic signal combiner was used to form a 16-channel signal (8 anterior and 8 posterior) from the 32-channel coil array. Left ventricular (LV) function and aortic flow were evaluated in each subject by acquiring breath-hold cine, short-axis, steady-state free precession slices covering the entire left ventricle and a free-breathing phase-contrast velocity map in the ascending aorta, as previously described. 7, 8 A single 2-dimensional slice was chosen from the stack of breath-hold, cine, steady-state free precession images of the LV outflow tract, as previously described, 9 to capture the inferomedial PM during the entire systole ( Figure 1 ). A stack of 3 free-breathing cine steady-state free precession images was acquired at this slice level to determine the visibility of the PM during free breathing. Subsequently, a free-breathing 2-dimensional phase-contrast CMR sequence with sensitivity to motion in all 3 directions was acquired. The imaging parameters were as follows: repetition time/echo time/flip angle 6.8 ms/4.5 ms/15°, field-of-view 330 ϫ 309 mm 2 , slice thickness 8 LGE images were acquired using a high-resolution 3-dimensional electrocardiographic-gated free breathing, respiratory navigator-gated inversion recovery spoiled gradient echo sequence in the short-axis orientation 20 minutes after intravenous administration of 0.2 mmol/kg gadoliniumdiethylenetriamine penta-acetic acid (Magnevist, Berlex/ Schering AG, Berlin, Germany), as previously described. 10 The imaging parameters were as follows: repetition time/ echo time/flip angle 5.6 ms/2.7 ms/25°, field-of-view 320 ϫ 320 mm 2 , 23 to 32 partition-encoded lines, and spatial resolution 1.3 ϫ 1.3 ϫ 5 mm 3 , reconstructed to 0.6 ϫ 0.6 ϫ 2.5 mm 3 . Owing to the nonisotropic resolution of the images, the same sequence was acquired along the 4-chamber orientation immediately after the short-axis LGE acquisition to confirm its findings. The typical image acquisition time was 6 to 10 minutes for both sequences.
The volumetric and aortic flow data were analyzed on a ViewForum workstation, release 4.0 (Philips Health Care, Best, The Netherlands), using the modified Simpson method. End-diastole/onset of systole was determined by the first phase of the cine CMR image after the electrocardiographic trigger. The end of systole was determined by aortic valve closure as demonstrated on the LV outflow view or the cessation of forward blood flow in the aortic flow curves, whichever was earlier. The prolapse distance was measured as the maximum prolapsed distance during peak systole beyond the mitral annulus, as previously described. 9 The mitral regurgitation volume was determined by the LV stroke volume subtracted by the aortic flow volume. The mitral regurgitation fraction was calculated as the mitral regurgitation volume divided by the LV stroke volume. Using the mitral regurgitation fraction, 5 categories of mitral regurgitation were determined: none (Ͻ5%), mild (5% to 16%), moderate (16% to 25%), moderate to severe (25% to 48%), and severe (Ͼ48%). 8 PM phase-contrast CMR images were analyzed using MATLAB (The MathWorks, Natick, Massachusetts). A region of interest on the tip of the PM was drawn on the magnitude image (Figure 2) for each cardiac phase, and its location was copied onto all 3 velocity maps for each cardiac phase (Figure 2 ). Three directions of motion were measured in the inferomedial PM, with a predominant motion in the up-down orientation on the imaging slice orientation. Only systolic motion was analyzed because the stretch on the PM occurs during systole, and blood flow contamination was prominent during diastole.
The PM tip to mitral annular distance was measured at the beginning of systole and again at peak systole with maximum prolapse (Figure 3) , as previously described for transthoracic echocardiography. 11 The difference was the PM excursion distance. The LV length (from the tip of the apex to the mitral annulus) in the LV outflow view was also measured.
The presence or absence of LGE was assessed by 2 independent experienced reviewers who were unaware of the patient information. The presence or absence of LGE was rated as no PM fibrosis (score 1), possible PM fibrosis (chordal enhancement at the insertion point into the PM present and unclear whether it was entirely chordal or included PM involvement; score 2), and definite PM fibrosis (score 3). After independent reviews, the 2 raters also performed a consensus review together. The data are presented as the mean Ϯ SD. The data were analyzed using the 2-tailed Student t test to compare continuous variables and the Wilcoxon rank sum test to compare categorical variables. A p value of Ͻ0.05 was considered significant. Univariate analysis was performed on the volumetric variables, with PM velocity and PM excursion as the outcome variables. All statistical analyses were performed using Stata, version 10 (StataCorp, College Station, Texas).
Results
By design, those with MVP and the healthy control subjects had similar age, gender proportions, and body surface area (Table 1) . Those with MVP had greater LV volumes but a similar LV ejection fraction. The indexed LV mass was significantly greater in the subjects with MVP, as were the mitral regurgitation volume and fraction.
The subjects with MVP demonstrated a different velocity profile through systole with peak velocity occurring in mid to late systole, and the control subjects had low velocity throughout systole (Figure 4 ). The subjects with MVP had an increased mid to late systolic peak velocity of the PM tip (12 Ϯ 5 vs 5 Ϯ 2 cm/s, p Ͻ0.001; Figure 4) . The test-retest reliability was assessed in 4 control subjects with repeat phase-contrast CMR imaging using the same protocol 6 months later. It showed excellent reliability with a first test mean of 5.7 Ϯ 1.7 cm/s and a second test mean of 5.7 Ϯ 2.3 cm/s (p ϭ 0.96).
Univariate linear regression analysis showed that PM velocity correlated with MVP status (p ϭ 0.002), male gender (p ϭ 0.01), aortic flow volume (p ϭ 0.048), posterior leaflet prolapsed distance (p ϭ 0.002), anterior leaflet prolapsed distance (p ϭ 0.004), mitral regurgitation volume Comparisons of LV length, PM to mitral annular distance at beginning of systole and peak systole, and PM excursion distance. PM to mitral annular distance at beginning of systole and PM excursion distance were significantly increased in those with MVP.
246
The American Journal of Cardiology (www.ajconline.org) (p ϭ 0.047), mitral regurgitation fraction (p ϭ 0.014), mitral regurgitation category (p ϭ 0.025), and PM excursion (p ϭ 0.004). The patients with MVP had increased PM excursion compared to the controls (15 Ϯ 5 vs 2 Ϯ 3 mm, p Ͻ0.001). The duration of systole between those with MVP and the controls was similar (316 Ϯ 35 ms vs 344 Ϯ 36 ms, p ϭ 0.27). No significant difference was found in LV length or PM to mitral annular distance at peak systole, but the PM to mitral annular distance was significantly greater at the onset of systole compared to that in the controls (41 Ϯ 7 vs 31 Ϯ 7 mm, p ϭ 0.002; Figure 5 ). The PM excursion distance correlated significantly with MVP status (p Ͻ0.001), the indexed LV end-diastolic volume (p ϭ 0.039), posterior leaflet prolapsed distance (p Ͻ0.001), anterior leaflet prolapsed distance (p Ͻ0.001), mitral regurgitation volume (p ϭ 0.011), mitral regurgitation fraction (p ϭ 0.001), mitral regurgitation category (p Ͻ0.001), and PM velocity (p ϭ 0.004) on univariate linear regression analysis.
On consensus review, PM LGE was absent in 2 (15%), possibly present in 5 (38%), and definitely present in 6 (46%) of 13 patients with MVP. All patients showed chordal enhancement. The statistic of the 2 raters was limited ( ϭ 0.125, and 95% confidence interval 0 to 0.565). None of the single-rater scores, combined LGE scores from both raters, or consensus scores showed a significant correlation with the PM velocity or PM excursion.
A possible positive and a definite positive (agreed by both raters) PM-LGE image (both short-axis and long-axis images) are shown in Figure 6 .
Discussion
In the present study of subjects with MVP, we have demonstrated that phase-contrast CMR imaging could be used to directly quantify the motion of the PM in 3 directions. The subjects with MVP had an increased peak PM tip velocity during mid to late ventricular systole compared to the normal subjects and an increased distance between the tip of the PM and mitral annulus at the onset of systole.
The PM tip to mitral annulus excursion distance was initially performed using transthoracic echocardiography, and our findings are consistent with the echocardiographic findings of 9 Ϯ 3 mm (for those with MVP) and 1 Ϯ 1 mm (for the controls). 11 With a longer distance to travel in a similar systolic duration, it was not surprising that the PM moved at a greater velocity during mid to late systole when prolapse occurred.
In addition to the abnormal leaflet, our data suggest that the chordae tendineae might be an important player in the pathophysiology of MVP. The primary chordae tendineae are lengthened in patients with MVP, as evidenced by the increased PM to mitral annular distance at the beginning of systole without a significantly increased LV length. The chordae tendineae are also thickened, as evidenced by universal enhancement on LGE images. The interpretation of the PM tip LGE was complicated by chordal insertion enhancement. It was not clear how much of the late enhancement represented chordal versus PM involvement beyond the chords. In a few cases, it was clear that the PM was involved, in addition to the chords, when the enhanced area was extensive and LGE had replaced visualized PM on steady-state free precession short-axis images. Of the 13 patients we studied, the 2 raters identified 6 such patients by consensus. The lack of correlation of LGE to PM velocity and excursion could have resulted from image resolution or imaging different patients at different points of their disease process in a cross-sectional study. For some patients, the increased PM velocity might have been the onset of LGE development; for others, the development of LGE might lead to an eventual decrease in PM velocity. Better image resolution and longitudinal follow-up would be required to further delineate the relation between LGE and PM velocity and excursion.
Our study was limited by the optimal phase-contrast CMR image acquisition. Almost 20% (6 of 31) studies could not be evaluated because of poor image quality. The PM moves at a relatively low velocity, with a range of 3 to 22 cm/s in our cohort of 25 subjects. Three-dimensional acquisition was attempted but abandoned because of poor image quality and the lengthy acquisition duration. Breathhold image acquisition was not possible because of inconsistent breath-hold positions and nonsimultaneous data acquisitions.
